A theoretical model for relating the interface viscosity to the creep behavior of highly refractory ceramics is proposed. Experimental confirmation of the model is given by monitoring the effect of systematic modifica tions in the interface viscosity on the creep behavior of Si3N4/SiC composites. A model material was selected for this basic study with a continuous film, consisting of glassy SiO2, at the interface, whose bulk anion com position was varied by incorporating increasing amounts of glass-network modifier ions (i.e., F or Cl ani ons). Internal friction measurements allowed to experimentally evaluate the micromechanical response of the internal interfaces, when subjected to an externally applied shear stress. Starting from this important experimental information, the short-term macroscopic creep behavior of the polycrystal could be predicted and consistently related to microscopic interface viscosity parameter.
Introduction
Evidence can be provided that anelastic and viscoelastic phenomena, occurring in materials containing internal inter faces, may be explained under the simple assumption that an interface is unable to maintain permanently a shearing stress acting across it.1) Accordingly, the overall deforma tion behavior of polycrystals subjected to macroscopic shear stress, can be considered to depend on the inherent resistance to shear of the internal interfaces,*1 as well as how such interfaces are distributed within the polycrystal. Leaving aside, in first approximation, the effect of interface distribution within the material, which has been theoretical ly analyzed in the classic work by Nowick and Berry,2) we shall concern in this paper solely with the role of the iner ent interface-sliding resistance on the macroscopic creep be havior of a ceramic polycrystal. In a series of recent papers,3)-6) we have demonstrated that the relaxation of in ternal interfaces in ceramics is very sensitive to the segrega tion of impurities, even in minute amounts. This fact pro vides an interesting field of investigation which is, as yet, relatively unexplored in ceramic materials. Particularly, in certain ceramic polycrystals which show a continuous glassy film encompassing the grains, such as the Si3N4 and related composites, doping with increasing amount of select ed anions may allow to systematically vary the inherent vis cosity of the film. Thus, provided that any other microstruc tural characteristic is unchanged in the material upon dop ing, direct information can be deduced about the effect of in terface viscosity on the macroscopic deformation behavior of the material. It is preliminary purpose of this paper to make explicit experimentally the relation between bulk vis cosity of the interface and steady-state creep rate in Si3N4/ SiC composites. In order to facilitate the analysis, a model material, whose internal interfaces simply consist of pure glassy-SiO2, has been selected and doped with increasing amounts of F or Clions.*2 Then, the overall deformation be havior of the polycrystal at high temperature is theoretical ly examined according to basic concepts of linear viscoelas ticity.
In its general definition, the term interface refers to a heter ogeneous boundary within the polycrystal, namely, a phase boundary. Distinct from the phase boundaries are the grain boundaries which instead lie between differently oriented grains of the same crystalline phase. In the composite poly crystal, both grain boundaries and phase boundaries are obvi ously present, in correspondence of the matrix/matrix and matrix/dispersoid boundaries, respectively. For simplicity's sake, we shall use henceforth the term interface, broadly speaking, to locate both grain and phase boundaries. This generalization is allowed by the fact that, in the present com posite, both these classes of boundaries have the same compo sition and similar structure.
F and Cl ions were introduced in the material by mixing in the starting mixture pulverized polytetrafluoroethylene and hex achloroethane, repectively. Further details about both the preparation and the doping procedure of the present compo site, as well as the quantitative characterization of its glassy SiO2 interface structure (by microscopy and microanalysis), will not be explicitly shown since they are not strictly related to the theoretical content of this paper. It is worth emphasiz ing that for the present topic we shall regard the present com posite, leaving aside its chemical composition, as a model polycrystal owing to its simple and well characterized micros tructure. For brevity's sake, also the experimental details about internal friction, creep, and relaxation tests will be omitted here. Ample explanation about both material prepara tion and testing can be found elsewhere.3)-8) for cavity nucleation and growth to occur.9)-14) In order to understand and reliably predict the damage processes occur ring in a ceramic polycrystal at elevated temperature, the in terface viscosity (i.e., the associated microdisplacements due to sliding) must be characterized experimentally. A powerful tool to quantify the rate of sliding (i.e., the viscosi ty) of the glassy film lodged at the internal interfaces of a polycrystal, is the measurement of internal friction, or damping curve, as a function of temperature.15) The basic requirement which allows the viscosity of the interface to be determined by this method is the detection, at the select ed frequency of measurement, of a relaxation peak which, in absence of any major phenomenon of intragranular diffu sion and/or dislocation motion, can be with certainty as sociated to interface relaxation. Strictly speaking, also crys tallization processes and/or chemical reactions of transient phases should be proved to be conspicuously absent both at the interface film and glassy pockets, in order to reliably lo cate the relaxation peak. In fact, these phenomena often overlap the interface sliding peak of Si3N4-based poly crystals and make difficult its analysis.16) The present cer amic composite can be regarded as a model polycrystal, for which all the above requirements are satisfied,3), 4), 6) Accord ingly, the detected internal friction peak can be consistently related to anelastic relaxation of the internal interfaces. In ternal friction peaks (subtracted of the respective back grounds), as found in the undoped and F/Cl-doped Si3N4/ SiC composites, are shown in Fig. 1 . The addition of F or Cl anions produced a well definite shift of the peak towards lower temperatures, the higher the added quantity of a par ticular dopant, the larger the temperature shift. Also, the peaks tend to become broader and to achieve lower intensi ty with increasing the dopant content, as they are to enclose a constant area. Particularly broad, comparatively to the ad ded ion amount, were found to be the peaks of the materials containing Cl. Activation energies by the peak shift method, were consistent with those of viscous flow of vitre ous SiO2 containing increasing contents of network modifiers.3), 17) The internal friction peaks shown in Fig. 1 can be related to the inherent viscosity of the glassy-SiO2 film, i, at the respective peak-top temperature by means of the following approximate equation:18)*3
Fig. 1. Internal-friction peak shift as a function of the amount of F or Cl dopant present in the intergranular SiO2 film of the Si3N4/ SiC composite. The respective peak-top temperatures, Ttop, are ex plicitly shown. The indicated mass fractions of each anion dopant refer to data by ion-selective electrode and ion chromatography ana lyses for F and Cl ions, respectively. Since the Cl content in the specimen containing the lower amount of dopant was close to the detection limit achievable by ion chromatography analysis (i.e. 0.005mass%), the Cl fraction for this specimen was extrapolat ed from the nominal fraction of dopant added to the raw powder by assuming that the ratio of Cl ions remaining in the sintered compo site (i.e., after sintering) was the same as that of the specimen doped with larger Cl amount. Equation (1) is based on the approximate spring-dashpot (i.e., Kelvin's) model. More precise models, taking into bet ter account also the constraint by neighboring grains in the polycrystal, can be used to analyze the dynamic behavior of the material (see, for example, discussion in the next sect ion). However, it can be shown that, when the calculation is restricted only to evaluate the i, value at the peak-top temper ature, the recourse to the simple Kelvin's model introduces no additional error in the calculation of the interface viscosi ty.
where d, GS and s are the average grain size, the shear modules and the Poisson's ratio of the polycrystal, respec tively. h is the grain-boundary thickness and is a numeri cal factor which varies according to the shape of the grain and phase boundaries and can be experimentally measured by relaxation experiments;3), 4) f0 is the frequency of the in ternal friction measurements (i.e., 13Hz). The depen dence of the grain-boundary viscosity (at 1430) on the an ion content, as calculated according to Eq. (1), is shown in Fig. 2 . The curve was obtained by fitting the experimental internal friction data at the respective peak-top tempera tures according to the usual Andrade-type equation (writ ten with considering the experimental activation energy data3)). It can be shown3), 4) that the interface viscosities, as determined by internal friction method, are in satisfactory agreement with those reported for bulk SiO2 glass contain ing the same amount of anion dopants.17) Steady-state tor sional strain rates, at 1430, are also plotted in Fig. 2 , as a function of the anion concentration in the glassy-SiO2 film. A comparison between the plots in Fig. 2 clearly envisages the close relation between grain-boundary viscosity, i, and macroscopic creep rate in the material. A striking feature of the plot is that the most dramatic (i.e., 2 orders of magni tude) degradation in deformation behavior of the material is to occur within the first few hundred ppm of dopant addi tion, the overall creep behavior being dictated by the inher ent viscosity of the doped interface glassy film. As com pared with F dopant, the influence of Cl ions on the deforma tion behavior of Si3N4-based materials seems to be much more detrimental, traces of Cl anions being sufficient to completely compromise the high-temperature performance of the material.*4 Figure 3 represents the desired plot of the steady-state torsional creep rate, as a function of the bulk viscosity, i, of the internal interfaces of a ceramic poly crystal. Note that the plot in Fig. 3 , given independently of the kind of dopant, may represent a master curve, relating the microscopic viscous behavior of the interfaces to the macroscopic viscoelastic behavior of Si3N4 ceramics. An im portant feature of the plot is that all the materials seems to consistently follow a single curve, which saturates at low viscosity values, namely for i<106Pas.
It is worth noting here that the morphology of the master curve in Fig. 3 is physically conceivable according to the following argu ments: 1) the saturation at low viscosity values should be a characteristic dictated by the presence of (nearly) undefor mable ceramic grains in the polycrystal. While in an entire ly glassy structure no such a saturation process is physically conceivable, in the ceramic polycrystal the viscous flux of matter is limited to the intergranular channel, which makes grain interlocking operative in delaying the macroscopic deformation at low viscosity values, at least in the transient region of limited coalescence of wedge-type interface microcracks; 2) the steep dependence of on i at the high viscosity range can be also reasonably explained, in princi ple, considering that the curve should, for a perfectly bond ed interface, asymptotically approach the inherent creep rate of the ceramic grains. In practice, however, this circum stance can be hardly realized due to premature "brittle" fracture of the interfaces.
In order to envisage the importance of the plot of Fig. 3 , which relates a microscopic microstructural feature, name ly the interface viscosity, i, to the macroscopic material be havior, a theoretical analysis is carried out in the next sec tion. The results of such analysis can be used for predicting the short-term deformation behavior of the material at elevated temperatures. to the interface viscosity. This curve owns validity only when the growth at the interface of lenticu lar cavities of difusional nature as well as transgranular dislocation motion can be neglected in the polycrystal, the main creep mechan ism being the interface sliding. The symbols are the same as those shown in Fig. 2 . Trace of Cl ions are possibly present also in the pure material since the starting powder (i.e., due to the diimid-process which starts from the SiCl4 precursor). A clear Cl-peak, however, could not be detected in the undoped sintered body by spectroscopy microanalysis at the glassy-SiO2 interface.4)
The expression "short-term" creep behavior strictly refers to the primary creep stage and the subsequent "pseudo" steady state stage. This latter stage is considered to be comprised of the time before further degradation phenomena as, for exam ple, diffusional cavitation at grain boundaries, take place. Only under this assumption, the derived Eqs. (5) and (7) can be used. An estimate of the time magnitude of the "short -term" creep stage for the present ceramics is given in Fig. 5  (to be shown) .
Theoretical model
There are some experimental evidences3), 4), 6) suggesting that the viscoelastic behavior of the present material can be modelled by considering the constrained sliding of an inter face between two grains surrounded by a Maxwell-like solid. This model, discussed in some detail in a previous report,4) is represented in Fig. 4 . It is easy to recognize that this situation basically corresponds to that of a Burgers' unit, whose constitutive equation can be derived by invok ing general (linear) viscoelasticity concepts:19) (2) in which the dot over a symbol indicates, in its usual mean ing, a time derivative and the subscripts i and s refer to the interface glassy film and the surrounding solid, respectively (cf . Fig. 4) . The parameter Gi corresponds to the apparent shear modulus of the grain-boundary phase, which is as sumed to differ only slightly from that of the bulk SiO2 glass because of the added anions. The creep behavior of the Burgers'model under constant stress 0 can be obtained from Eq. (2) by solving this second order differential equa tion with the two initial condition By having recourse, for example, to Laplace transformation method,18) Eq. (2) can be solved and the short-term creep behavior*5 may be found as follow which approaches asymptotically a steady-state value: ()=0/s.
If the stress 0 is removed at time tR, the recovery behavior of the material can be easily obtained by Boltzmann As deduced from Eq. (7), the permanent strain after recov ery approaches asymptotically to the value, ()=(0/s) tR, as t approaches infinity. The new insight experimentally found, which relates the macroscopic steady-state creep be havior of the material to the bulk viscosity of its internal in terface, allows to eliminate the macroscopic parameter s (using, for example, the slope ()=0/s) from Eqs. (5) and (7), in order to express the macroscopic strain only as function of the bulk viscosity of the glassy phase and, obvi ously, time. Note that this procedure allows to overcome the uncertainty arising from the unknown interface geomet ry/structure, since here the experimental function s=s(i) is comprehensive of such factors. Obviously, care must be taken about the possibly limited generality of the ex perimental function s=s(i), as discussed in the previous section. Figure 5 shows a comparison between the theoreti cal and experimental strain values recorded during a shorttime creep/recovery test, the former being calculated ac cording to Eqs. (5) and (7), while the latter referring to the material containing 0.104mass% F. The theoretical plot en visages very steep (transient) variations of strain which cannot be easily measured by the torsional pendulum. Par ticularly, the recovery process should be ended, according to the model, in very short time, while the experiments indi cate a couple of orders of magnitude longer time. This dis crepancy can be explained by taking into consideration the stiffness of the pendulum apparatus, as already discussed in a previous report.4) However, the agreement found be tween theory and experiments is fairly good and may sup port the validity of the Burgers'model for representing the short-range creep behavior of the present polycrystalline system (i.e., the behavior in absence of conspicuous growth and coalescence of diffusional cavities).
Perhaps, from an engineering point of view, the most sig nificant parameter among those shown in Fig. 5 is the per manent strain, p, stored in the polycrystal after the recov ery process, due to the viscous flow of the s dashpot (cf. Fig. 4 ). This is because, after exceeding a certain limit of ir reversible strain, a spread presence of intergranular wedge type microcracks is to be expected.3), 20) This phenomenon often limits either the life-time or the service conditions of structural components. Exploiting the very high precision of the present apparatus in the torsional strain measurement3) (i.e., 4.410-4%), a characterization of the permanent (plastic) strain stored in the polycrystal af ter short-term creep/recovery test was attempted. Figure 6 shows the permanent strain as measured in the present com posites after recovering from a creep test of duration, tR =100s . The plot is given as a function of the (apparent) macroscopic viscosity of the polycrystal, or compari son, also the theoretical dependence, as obtained from Eq. (6), is shown. The satisfactory agreement found between theoretical and experimental values may confirm that the Burgers'model is suitable for representing the short-term creep behavior of the present polycrystal. However, beyond the particular case of the model polycrystal tested, the plot of Fig. 6 can be thought to follow a reference viscoelastic be havior for ceramics with a glassy film at the interface, when the occurrence of significant diffusional cavitation or dislo cation activity during the high-temperature exposure can be reasonably excluded. 
Conclusion
The effect of systematic viscosity modifications of the glassy film (present at the internal interfaces of Si3N4 materials) on the high temperature deformation behavior has been systematically investigated. Emphasis has been placed on making explicit the relation between the micromechanism of interface sliding and the macroscopic creep rate of the polycrystal. A Burgers'model was found to suitably represent the behavior of the polycrystal, at least in the range of temperature for which the occurrence of conspicuous intergranular (diffusive) cavitation and/or transgranular dislocation motion can be excluded in the material. The present experimental data and theoretical as sessment may own some generality among polycrystalline ceramics whose high-temperature short-term creep behav ior results to be mainly dictated by the mechanism of inter face sliding.
